We show that the very near horizon region of nonextreme black holes, which can be described by horizon CFTs, are related to AdS 2 Rindler spaces. The latter are AdS 2 black holes with specific masses and can be described by states of either D = 1 or D = 2 CFTs. The central charges of these CFTs and the conformal weights of their states that correspond to the nonextreme black holes exactly match those predicted by the horizon CFTs, providing supporting evidence for this description.
Introduction
Recently it was shown that any nonextreme black hole in any theory of gravity can be described by a state of a D = 2 chiral conformal field theory (CFT) that lives on the black hole horizon [1] . More precisely, the near horizon region of a nonextreme black hole is described by the Rindler space metric, the dimensionless In this paper, we provide additional evidence for the horizon CFT description of nonextreme black holes. We show that the very near horizon geometry of the black holes, i.e. the region around the origin of Rindler space, can be mapped to AdS 2 Rindler space which is an AdS 2 black hole with a specific mass. Using the AdS/CFT correspondence, AdS 2 black holes can be described by states of a D = 1 chiral CFT that lives on the time-like boundary. Even though the details of this boundary CFT are not well-understood, its central charge, c, and the conformal weights of its states, L 0 , have been computed using the asymptotic symmetry group which is generated by a Virasoro algebra [2] . We show that for the specific black hole that corresponds to the AdS 2 Rindler space in question the values of c and L 0 exactly match those predicted by the horizon CFT. AdS 2 black holes can also be described by D = 2 CFTs that are world-sheet theories of open bosonic strings [3] . In this bulk CFT, c and L 0 of the state that corresponds to AdS 2 Rindler space again exactly match those predicted by the horizon CFT. We interpret these results as additional evidence that states of horizon CFTs describe nonextreme black holes. This paper is organized as follows. In the next section, we review the descrip-tion of nonextreme black holes by states of D = 2 chiral CFTs that live near the black hole horizon. In section 3, we map Rindler space to a particular AdS 2 black hole (i.e. the AdS 2 Rindler space) and show that the CFT state that describes the latter is exactly the horizon CFT state that was proposed in section 2. Section 4 contains a discussion of our results and our conclusions.
Horizon CFTs as Nonextreme Black Holes
In this section, we review horizon CFTs that describe nonextreme black holes.
1
It is well-known that the near horizon geometry of a nonextreme black hole in any theory of gravity is Rindler space. Consider a black hole with a generic metric of the form
in D dimensions. The horizon is at r h which is determined by f (r h ) = 0. If in addition, f ′ (r h ) = 0, the black hole is nonextreme and the near horizon geometry is described by Rindler space. Near the horizon, r = r h + y with y << r h , which leads to the near horizon metric
In terms of the proper radial distance, ρ, obtained from dρ = dy/ f ′ (r h )y and the dimensionless Euclidean Rindler time τ = i(f ′ (r h )/2) t the near horizon metric 
where M is the mass of the black hole conjugate to t. For large enough black holes, the rate of Hawking radiation is negligible and therefore we can assume that E R is time independent. Then, we find
Using the definition of Hawking temperature obtained from the metric, (5) can be written as the First Law of Thermodynamics with the entropy given by S = 2πE R . This procedure can be used for all nonextreme black objects with Rindler-like near horizon geometries in any theory of gravity [19] [20] [21] [22] [23] .
In fact, it can be shown that E R , which is a holographic quantity that can be obtained from a surface integral over the horizon [24] , is exactly Wald's Noether charge Q [25] and therefore [26] S W ald = 2πQ = 2πE R .
Since the metric in eq. (3) is the same for any nonextreme black hole all the information about a particular black hole now resides in the dimensionless Rindler
Recently it was shown that a nonextreme black hole with a near horizon geometry that is Rindler space can be described by a state of a D = 2 chiral CFT [1] .
3 The i on the left-hand side is due to the Euclidean signature for time.
More specifically, the near horizon region of a nonextreme black hole is described by Rindler space with the metric in eq. (3), the dimensionless Rindler temperature T R = 1/2π and the dimensionless Rindler energy E R . The very near horizon region, i.e. the region around the origin of Rindler space is described by a D = 2
CFT since in this region all dimensionful parameters are negligible and the transverse (to τ and ρ) directions decouple [4, 5, 15, 27] . 4 The horizon CFT is chiral since the Rindler metric in eq. (3) has only a U(1) isometry which gets enhanced to a Virasoro algebra in the near horizon region. In addition, we saw above that E R is both the dimensionless energy and angular momentum in Rindler space. On the other hand, in a CFT the dimensionless Hamiltonian and angular momentum are
given by
Therefore, we identify Rindler space with a chiral CFT with L 0 = E R andL 0 = 0.
We also demand that the dimensionless Rindler temperature T R = 1/2π be equal to the dimensionless CFT temperature which satisfies
Here T CF T is defined as
in order to reproduce the Cardy formula for entropy [29] S = 2π
where ∆ is the conformal weight of the state in Rindler space. Rindler space is obtained from the Euclidean plane by an exponential transformation and therefore 4 In addition, the scalar wave equation has an SL(2, R) symmetry at low frequencies in the full Schwarzschild geometry [28] .
eigenvalues of ∆ are shifted relative to those of L 0 [1] . This shift can be computed to be −c/24 and therefore, taking the Euclidean vacuum to be at zero energy, 
Plugging these values into the Cardy formula gives S CF T = 2πE R = S W ald . Therefore, we can identify the very near horizon region of a black hole with a D = 2 chiral CFT state that satisfies eq. (11). We do not know the details of this CFT but fortunately this is not necessary for computing the entropy through the Cardy formula. We see that black hole hair is given by momentum along the dimensionless Euclidean Rindler time direction. Unfortunately, we cannot describe the degrees of freedom that carry the hair since we do not know the details of the CFT.
We note that we do not know whether the horizon CFT is unitary and modular invariant even though we used the Cardy formula which assumes these properties.
However, since the Cardy formula correctly reproduces the black hole entropy, we can turn the argument around and claim that its success is a sign that the horizon CFT must be unitary and modular invariant. In addition, the Cardy formula is only valid asymptotically for ∆ >> c whereas our CFT state has ∆ = c/24. This problem is usually solved by invoking fractionation, i.e. by assuming that there are twisted sectors of the CFT [30] . The dominant contribution to entropy comes from the most highly twisted sector with a twist of E R . Due to the twist, the central charge of the CFT and the conformal weight of its states are rescaled to c = 12
and ∆ = E 2 R /2 respectively. The Cardy formula can now be applied since ∆ >> c, and leads to the correct black hole entropy.
AdS 2 Black Holes and Rindler Space
We now provide additional support for the claim that the very near horizon region of a nonextreme black hole is described by a D = 2 chiral CFT state that satisfies eq. (11). We do this by finding a coordinate transformation from the (near horizon region of) Rindler space to AdS 2 Rindler space. Since these two spaces are related by a coordinate transformation, they are classically equivalent to each other. We assume that this relation persists quantum mechanically and therefore the CFTs that correspond to both spaces are also equivalent to each other. More precisely, we assume that the two CFTs have the same central charge and conformal weights. AdS 2 Rindler space can be described by the states of a chiral CFT that lives either on the D = 1 boundary or the D = 2 bulk. The former might be conformal quantum mechanics [2, 31] which is relatively well-understood.
The latter is the world-sheet theory of a bosonic open string [3] . In both cases, c and L 0 for the state that corresponds to AdS 2 Rindler space can be computed and 
with the two-dimensional Newton constant G 2 = G D /A h where A h is the horizon area. From this relation it is clear that the black hole entropy is given by
in two dimensional Rindler space. Since E R = S BH /2π, we need to show that the near horizon region of Rindler space in eq. (12) is described by a state of a D = 2 chiral CFT with c/12
In order to do this we map the near-horizon region of Rindler space to AdS 2 which is known to be described by a chiral CFT. Consider the Euclidean AdS 2 space described by the metric
This is actually AdS 2 Rindler space with an acceleration horizon at r = ℓ. The coordinate transformation ρ = √ r 2 − ℓ 2 takes the metric in eq. (14) to [32] 
It is easy to see that for ρ << ℓ the metric describes Rindler space whereas for ρ >> ℓ it becomes that of the Poincare patch of AdS 2 . We can map the metric in eq. (14) to Rindler space by the coordinate transformation
which after the rescaling ρ → ℓρ leads to the metric
We see that the radius of the r ≃ ℓ. We note that for ρ << 1, the conformal factor in eq. (17) is very close to unity and the two metrics in eqs. (14) and (17) are the same. 6 Classically, i.e. in
General Relativity the two spaces described by the metrics in eqs. (14) and (17) are equivalent to each other. We assume that this equivalence persists quantum mechanically. As a result, we expect that these two spaces are described by the same state of the same chiral CFT or at least by CFT states with the same c and L 0 (which is all we need to compute the entropy). As mentioned above, AdS 2 is described by both a D = 1 boundary or a D = 2 bulk CFT that are relatively well-understood. In both CFTs, one can compute c and L 0 for the state that corresponds to AdS 2 Rindler space, i.e. a nonextreme black hole.
Consider dilatonic AdS 2 gravity with the action
where η is the dilaton field and the cosmological constant is given by Λ = −2/ℓ 2 .
This theory has dilatonic black holes with the metric[33]
and the linear dilaton η = η 0 r/ℓ. Here M is the black hole mass and η 0 fixes the two-dimensional Newton constant by η 0 = 1/8πG 2 . The black hole horizon is at r h = (2Mℓ 3 /η 0 ) 1/2 . The mass, temperature and entropy of the black hole are given by [33] 
The theory with the action in eq. (18) 6 In a related result, ref. [28] shows that the full Schwarzschild geometry can be mapped to AdS 2 Rindler space times S n by a Kinnersley transformation.
The D = 1 CFT arises from the asymptotic symmetries of the AdS 2 space or through the AdS/CFT correspondence and lives on the time-like boundary of AdS 2 . Near the boundary, the SL(2, R) isometry of AdS 2 gets enhanced to a Virasoro algebra giving rise to a chiral CFT [2] . The central charge of this CFT and the conformal weights of its states can be computed by quantizing the asymptotic symmetry group of AdS 2 . We can then obtain the entropy of the black hole state using the Cardy formula.
On the D = 1 time-like boundary of AdS 2 one has a chiral CFT with the central charge [2] c 12
The 
Plugging in c and ∆ into the Cardy formula we obtain the black hole entropy in eq. (20) . Using eq. (21) we also find
AdS 2 dilatonic gravity can also be described by a D = 2 CFT that lives in the bulk of AdS 2 [3] . In this case, AdS 2 which is basically a strip is taken to be the open bosonic string world-sheet. Then, the D = 2 dilatonic gravity becomes the open string world-sheet theory. The action in eq. (18) can be mapped to the bosonic string world-sheet action with a one-to-one correspondence between the world-sheet modes and the AdS 2 bulk modes. The theory on the AdS 2 boundary corresponds to a free string whereas away from the boundary the string has interactions. Dirichlet boundary conditions are imposed on the string endpoints which means that there are no boundary degrees of freedom (such as conformal quantum mechanics). The asymptotic symmetry group of AdS 2 which is generated by the Virasoro algebra is exactly the conformal symmetry of the open bosonic string world-sheet. Therefore, dilaton gravity on AdS 2 is described by an interacting open bosonic string with Dirichlet boundary conditions.
The central charge of the bosonic string world-sheet is again given by eq. (21) whereas the eigenvalue of ∆ is [3] 
where α ′ = 2πℓ 2 and T = T BH is the temperature on the world-sheet. We see that the AdS 2 radius, ℓ, now plays the role of the string length. Plugging eqs. (21) and (24) into the Cardy formula we obtain the entropy of the state on the open string world-sheet
where in the last step we used eq. (21) and T = T BH in eq. (20) . Now, the crucial point is to realize that the AdS 2 Rindler space, which is equivalent to the near horizon region of the original nonextreme black hole, is an AdS 2 black hole with r h = ℓ as can be easily seen by comparing the metrics in eqs. (14) and (19) . 6 This corresponds to a black hole with mass, i.e. M BH = 1/16πG 2 ℓ.
Either eq. (23) 
and entropy S = 1/4G 2 . Since the AdS 2 Rindler space and Rindler space are described by the same CFT state, eq. (26) also holds for the latter. This is precisely the horizon CFT state that we wanted to identify with Rindler space that is the near horizon region of a nonextreme black hole.
As a consistency check, we show that we can describe the AdS 2 Rindler horizon by the same CFT. In order to compute E R for the metric in eq. (19) we follow the procedure outlined in section 2. For the AdS 2 black hole, from the metric in eq.
(19) we have
Near the horizon r = r h + y with y << r h which leads to the metric (in Euclidean signature)
The dimensionless Rindler energy is given by
For the AdS 2 Rindler space r h = ℓ and thus we find E R = 1/8πG 2 which leads to exactly the same horizon CFT state as in eq. (26) .
Above, we saw that the chirality of the horizon CFT is due to the U(1) isom- space is chiral because of the SL(2, R) isometry of AdS 2 which gets enhanced to a chiral Virasoro algebra [2] . Moreover, the boundary is one dimensional and as opposed to two dimensions, in one dimension we cannot define left or right movers.
In terms of the D = 2 CFT which corresponds to the open bosonic string worldsheet theory, chirality of the CFT arises due to the Dirichlet boundary conditions imposed on the boundary of AdS 2 [3] .
It is amusing that we found states in three chiral CFTs that describe the AdS 2
Rindler space with the same c and L 0 . However, the first lives on the time-like
AdS 2 boundary, the second in the two dimensional AdS 2 bulk and the third on the light-like horizon. Since these three CFTs are different descriptions of nonextreme black holes, it would be interesting to find if there are any relations between them.
Conclusions and Discussion
In this paper we showed that nonextreme black holes are described by states Our results are valid only for General Relativity due to our use of eq. (13) in which we explicitly assumed that the entropy of the black hole is proportional to its horizon area. This is clearly not the case beyond General Relativity. In general, S = A/4G and therefore for the Rindler space in the near horizon region of a black hole E R = 1/8πG 2 . On the other hand, the relation S W ald = 2πE R holds in any theory of gravity. In fact, in ref. [1] nonextreme black holes in any theory of gravity were described by horizon CFTs. Therefore, it should be possible to generalize our approach or find alternative one that counts Wald entropy in any theory of gravity.
The near horizon region of a nonextreme black hole is described by only one The metric in eq. (14) that describes AdS 2 Rindler space is also obtained by a simultaneous near horizon and extremal limit of nonextreme charged black holes [36] . Therefore, our results can directly be applied to extreme charged black holes and these too can be described by the type of horizon CFTs that were the subject of this paper [37] . This is due to the particular near horizon and extremal limit that turns the extreme black hole with vanishing temperature into an AdS 2
Rindler space with nonzero temperature. As a result, D = 2 chiral CFTs that we discussed in this paper seem to provide a uniform description of both extreme and nonextreme black hole entropy.
